Intrinsically photosensitive retinal ganglion cells (ipRGCs) mediate the pupillary light reflex, circadian entrainment, and may contribute to luminance and color perception. The diversity of ipRGCs varies from rodents to primates, suggesting differences in their contributions to retinal output. To further understand the variability in their organization and diversity across species, we used immunohistochemical methods to examine ipRGCs in tree shrew (Tupaia belangeri). Tree shrews share membership in the same clade, or evolutionary branch, as rodents and primates. They are highly visual, diurnal animals with a cone-dominated retina and a geniculo-cortical organization resembling that of primates. We identified cells with morphological similarities to M1 and M2 cells described previously in rodents and primates. M1-like cells typically had somas in the ganglion cell layer, with 23% displaced to the inner nuclear layer (INL). However, unlike M1 cells, they had bistratified dendritic fields ramifying in S1 and S5 that collectively tiled space. M2-like cells had dendritic fields restricted to S5 that were smaller and more densely branching. A novel third type of melanopsin immunopositive cell was identified. These cells had somata exclusively in the INL and monostratified dendritic fields restricted to S1 that tiled space. Surprisingly, these cells immunolabeled for tyrosine hydroxylase, a key component in dopamine synthesis. These cells immunolabeled for an RGC marker, not amacrine cell markers, suggesting that they are dopaminergic ipRGCs. We found no evidence for M4 or M5 ipRGCs, described previously in rodents. These results identify some organizational features of the ipRGC system that are canonical versus species-specific.
Nasir-Ahmad, Lee, Martin, & Gr€ unert, 2017) . This raises the possibility that different mammalian species are utilizing ipRGCs to serve different functions and/or that the manner in which ipRGCs mediates a given function varies across species. A step toward resolving these possibilities is to determine the anatomical diversity of ipRGCs across a greater range of species.
To better understand ipRGC diversity within and across different mammals, we studied the retina of the tree shrew (Tupaia belangeri).
These animals provide a contrasting and complementary perspective on ipRGCs from other previously studied species which primarily include rodents and primates (Kaas, 2008; Kaas, 2013) . First, tree shrews exhibit a cone dominated retina: 95% of photoreceptors are cones (M€ uller, Peichl, De Grip, Gery, & Korf, 1989; Petry, Erichsen, & Sz el, 1993) . Previous studies of ipRGCS have focused on roddominated retinas where the fraction of cones is 5-10% of photoreceptors (Szel et al., 1992; Sz el, R€ ohlich, Caff e, & van Veen, 1996; Packer, Hendrickson, & Curcio, 1989; Curcio, Sloan, Packer, Hendrickson, & Kalina, 1987) . Second, tree shrews exhibit profoundly diurnal behavior; foraging and other behaviors are suppressed rapidly in darkness. This suggests that ipRGC-mediated signaling may strongly modulate their behavioral state (Lazzerini Ospri, Prusky, & Hattar, 2017) .
Third, tree shrews have a unique evolutionary relationship to primates and rodents, the two most extensively studied animal orders for ipRGC structure and function. Specifically, tree shrews are an evolutionary intermediate between rodentia and primates, with all three belonging to the Euarchontoglires clade (Schmitz, Ohme, & Zischler, 2000; Waddell, Kishino, & Ota, 2001; Nie et al., 2008; Fan et al., 2013; Lin et al., 2014; Zhou, Sun, Xu, Yang, & Li, 2015) . Fourth, tree shrews have an extensively laminated lateral geniculate nucleus and highly organized orientation-tuned columns in primary visual cortex, similar in many respects to primates (Conway & Schiller, 1983; Conley, Fitzpatrick, & Diamond, 1984; Fitzpatrick, 1996; Van Hooser, Roy, Rhodes, Culp, & Fitzpatrick, 2013) . However, they also have relatively lateralized eyes, like rodents. Finally, tree shrews are considered a 'living fossil,' with the fossil record indicating they have changed little over 35 million years (Li & Ni, 2016) . Thus, determining the diversity and prevalence of ipRGCs in tree shrews may provide unique insight into their evolution and function across mammals.
To determine the prevalence, diversity and organization of ipRGCs in tree shrew, we used immunohistochemical approaches to identify cells expressing melanopsin. These experiments revealed both common and novel features to ipRGCs in tree shrews compared to other mammals. For example, similar to primates and rodents, we identify at least two distinct ipRGC types. One type was monostratified in the vitreal side of the IPL (in sublayer 5) and had relatively densely branching dendrites, similar to M2 cells described in other species. The other type had bistratified dendrites at the outer and inner boundaries of the IPL (S1 and S5, respectively). These cells were regularly spaced and their dendritic fields approximately tiled the retina. These bistratified ipRGCs also exhibited a strong eccentricity-dependent gradient that peaked in the temporal retina just below the horizontal meridian, providing the first evidence for an area centralis-like region in tree shrew. We also identify a melanopsin-expressing cell type that may be unique to tree shrew. These cells were immunoreactive for melanopsin and tyrosine hydroxylase (TH). TH is a key component in dopamine synthesis and identifies dopaminergic cells in the retinae of other species. The dendrites of these cells were restricted to the outer portion of the IPL (S1) and they tiled space. Their density across the retina was higher than bistratified ipRGCs, and their density was more uniform across the retina. These cells failed to immunolabel for amacrine cell markers, but were immunolabeled by RBPMS, a specific and ubiquitous marker for RGCs (Rodriguez, de Sevilla M€ uller, & Brecha, 2014) . Furthermore, TH immunoreactivity was limited to these cells. These results raise the possibility that dopamine release may be a function of ipRGCs in tree shrew and not of amacrine cells, differing from other mammals. An alternative possibility is that the tree shrew has intrinsically photosensitive amacrine cells. These results illustrate the extent to which melanopsin expression can be specialized to the environmental demands and behavioral needs of different species. Retinas from nine adult tree shrews of both sexes were used. Some animals were euthanized following terminal experiments in which a cranial window was introduced to image primary visual cortex (Lee, Huang, & Fitzpatrick, 2016) . Eyes from these animals were enucleated after perfusing the animal with either 2% or 4% PFA followed by a rinse of phosphate buffered saline (PBS, pH 7.4). Eyes were stored at 48C in PBS1 0.02% NaAzide until dissection. Other animals were acutely used and eyes were enucleated immediately following an overdose with Nembutal and decapitation (200 mg/kg). Hemisected eyes were then fixed for 30-60 min in either 2% or 4% PFA. Following fixation, retinas were rinsed and stored in PBS 1 0.02% NaAzide. Fixed and unfixed eyes were hemisected by making an incision between the equator and ora serrata. The front half of the eye was removed with the lens. Vitreous was then peeled away from the retina. For whole mount retina, the sclera, choroid and pigment epithelium were removed and segments of retina were cut for immunolabeling. For retinal slices, eyecups were cryoprotected overnight immediately following removal of the cornea and iris at 48C in PBS with 30% sucrose. Eyecups were then frozen in TFM, sectioned at 20 lm thickness, and thaw-mounted onto Superfrost Plus Gold slides. Mounted slices were stored at 2808C until immunolabeling. Data displayed in Figures 1-8 was collected from 9, 2, 2, 4, 2, 2, 1, 2 animals, respectively.
Retinas from two adult Nile rats (Arvicanthis niloticus), of both sexes were used. The eyes were generously provided by Dr. K.C. Hayes at Brandeis University. Animals were euthanized, fixed and immunolabeled following the same protocol used for tree shrews.
| Immunohistochemistry
Wholemount retinas were blocked for 1-3 hr in a PBS with 3% normal donkey serum, 0.3% Triton X-100, and 0.02% NaAzide. Pieces were then incubated in primary antibody solution at 48C for 5-9 days. Following incubation in the primary antibody, retinas were washed with PBS 2-3 times over the course of 2 hr at room temperature. Retinas were then incubated in a secondary antibody overnight at 48C. Following incubation in the secondary antibody, retinas were again washed with PBS 2-3 times over the course of 2 hr at room temperature. All incubations and washes were done on a mechanical rocker. Following antibody labeling, retinas were mounted onto filter paper (0.4UM type HABP, Millipore) to flatten the tissue. Retina and filter paper were then mounted together onto a glass slide with Aqua PolyMount or DiamondMount (Thermo Fisher Scientific). Glass coverslips were placed on either side of the filter paper and a third glass coverslip was placed over the filter paper and retina, resting on the adjacent coverslips to prevent over-flattening the retina. The coverslips were sealed with transparent nail polish.
Retinal slices were blocked for 30 min in a PBS with 3% normal donkey serum, 0.3% Triton X-100, and 0.02% NaAzide blocking buffer.
Following block, slices were incubated in primary antibody solution at Tables 1 and 2 , respectively. All primary and secondary antibodies were diluted in a PBS 1 3% normal donkey serum 1 0.3% Triton X-100 1 0.02% NaAzide blocking buffer. All secondary antibodies were obtained from donkey and were produced by Jackson ImmunoResearch Laboratories and diluted 1:1,000. Hoechst (Thermo Fisher Scientific: H21491) was used as a nuclear stain to label all cell bodies (dilution: 1:1,000). It was applied concurrently with secondary antibodies.
| Imaging
Retinas were imaged on a Nikon TE 2000 Confocal Microscope C90i controlled by NIS-AR software (Nikon Instruments, RRID: SCR_014329). Images were processed using ImageJ (RRID: SCR_003070) or NIS-AR software.
| Cell counting and ipRGC density analysis
Cell counting (Figure 8 ) was performed using ImageJ (FIJI). Cells were manually counted using the cell counter tool (Analyze Plugin). The retina was cut into four separate pieces and cells were counted separately in each quadrant. Each identified ipRGC was assigned to a group: the first group of cells had somata in the ganglion cell layer (GCL) with sparse bistratified dendrites; the second group had somata in the inner nuclear layer (INL) and were immunoreactive for TH in addition to melanopsin; the third group had somata in the INL, but were negative for TH immunoreactivity; the fourth group had somata in the GCL that were weakly immunoreactive for melanopsin and monostratified dendrites that branched frequently. Cell location was marked by manually clicking the center of each cell body. The position and labeled type of each cell was exported to MATLAB (RRID: SCR_001622) for generating color maps of ipRGC density for each retinal quadrant. The quadrants were aligned and spaced using photographs of the dissected and immunolabeled retina to identify the position and orientation of each quadrant relative to the optic nerve head.
| Cell reconstructions and stratification color map
Dendritic fields were reconstructed from z-stacks of confocal images (203 objective: 1-1.5 mm steps size). The Simple Neurite Tracer plugin for ImageJ was used to trace processes from the cell body (Longair, Baker, & Armstrong, 2011) . After generating a skeleton of the dendritic arbor, the 'fill tool' in the plugin was used to reconstruct a 3D model of the cell. The threshold on the fill tool was adjusted manually to prevent over or under filling of the dendritic arbor. An image stack was created from the filled cell to generate an isolated 3D model of the cell and the Temporal Color Code tool under hyperstacks was used to map the Z (depth) axis to the 'ice' color map (Figure 3 ). Z-stacks were cropped to constrain the color map between the GCL and the INL.
To analyze the spatial arrangement and overlap across dendritic fields ( Figure 7 ), en face images of individual cells were generated by hand drawing the images in software (Intaglio, Purgatory Design). Convex polygons (hulls) were then manually drawn around each cell. The coordinates of these polygons were exported to MATLAB. Polygons were mirrored about their center of mass using custom software written in MATLAB. Changes in spatial coverage after polygon rotation were measured by quantifying the area that was uncovered by any polygon in the original image and in the rotated polygon image.
| Analysis of soma locations
The spatial organization of somata was analyzed by generating density recovery profiles (DRP; Rodieck, 1991) (Figure 7 ). From the DRP analysis, an effective exclusion radius can be obtained as described in Rodieck (1991) .
| R E SU LTS

| Diverse cell types are melanopsin immunoreactive in tree shrew retina
To determine the density, diversity, and arrangement of ipRGCs in tree shrew, retinas were immunolabeled with antibodies against melanopsin (Hattar et al., 2002; Vuong, Hardi, Barnes, & Brecha, 2015; Karnas et al., 2013) , respectively. The dendrites of MEL1 somata in the GCL and INL ramified in specific sublayers of the inner plexiform layer (IPL). As described previously (Vaney, Peichi, & Boycott, 1981; M€ uller & Peichl, 1991b; Manookin, Beaudoin, Ernst, Flagel, & Demb, 2008; Hannibal, Christiansen, Heegaard, Fahrenkrug, & Kiilgaard, 2017) , immunoreactivity for ChAT divided the IPL into 5 sublayers, labeled S1 to S5 from the INL to GCL. S2 and S4 were defined MEL1 processes in the IPL were largely restricted to S1 and S5. These results reveal an organization of MEL1 cells and their processes that is broadly consistent with other mammals (Schmidt, Chen, & Hattar, 2011; Jusuf et al., 2007; Liao et al., 2016) .
The observation of melanopsin-expressing cell somata in the GCL and INL with differences in their dendritic field areas and number of primary dendrites (Figure 2a, b) suggests that multiple distinct cell types are intrinsically photosensitive. To further examine their morphological diversity, the dendritic fields of individual MEL1 cells were reconstructed from image stacks collected on a confocal microscope ( Figure   3 ). This analysis revealed several distinct morphologies. In the GCL, most MEL1 cells were bistratified. Their dendrites ramified in S1 and S5 of the IPL ( Figure 3a -c: S1 and S5 processes are red/purple and cyan/blue, respectively). Individual dendrites could course exclusively in S5, or they could run for some distance in S5 before branching or projecting to S1. The number of processes that remained in S5 versus projected to S1 varied across cells. These cells broadly resembled M1/ M3 cells described previously in rodent and primate retinas (Hattar et al., 2002; Jusuf et al., 2007; Schmidt & Kofuji, 2009; Liao et al., 2016) . However, because M1 in other species are monostratified in S1
( These cells were monostratified in S5 and exhibited relatively densely branching dendrites. Furthermore, these cells were weakly melanopsin immunoreactive relative to the bistratified cells (not shown). These cells resembled M2 cells described previously in rodent and primate retinae (Baver, Pickard, Sollars, & Pickard, 2008; Schmidt & Kofuji, 2009; Berson et al., 2010) . We henceforth refer to these as monostratified inner ipRGCs because of the structure and stratification of their dendrites.
In the INL, the majority of MEL1 cells exhibited monostratified dendritic fields that stratified in S1 (Figure 3e To summarize, three dimensional reconstructions of MEL1 cells revealed at least three morphologically distinct classes that were distinguished based on their soma location, dendritic field structure, and stratification.
| Cells co-immunolabeled for tyrosine hydroxylase and melanopsin
We next sought molecular markers that would bolster discriminating and classifying the different MEL1 cells. In rodents and primates, some ipRGCs exhibit a tight interaction with dopaminergic amacrine cells (DACs) (Vugler et al., 2007; Liao et al., 2016) . In particular, these ipRGCs both receive and provide input to DACs (Zhang et al., 2008; Van Hook, Wong, & Berson, 2012; Prigge et al., 2016; Vuong et al., 2015; Liao et al., 2016) . Thus, these interactions are a feature that may distinguish ipRGC subtypes.
Retinas were co-immunolabeled with antibodies against melanopsin and TH (Samaco et al., 2009) In other mammals, antibodies to TH and MEL label distinct classes of neurons in the retina: amacrine cells and RGCs, respectively (Vugler et al., 2007; Dumitrescu, Pucci, Wong, & Berson, 2009; Prigge et al., 2016; Liao et al., 2016; Hannibal et al., 2017) . Thus, the observation of a population of retinal cells that are MEL1 and TH1 is unusual and surprising. It suggests a set of cells that is both intrinsically photosensitive and dopaminergic. An alternative possibility is that there is cross reactivity between antibodies. TH antibodies could be binding melanopsin. This is unlikely because we observed cells in the INL and GCL that were MEL1 and TH2 (Figure 4c,d) . We also tested a second TH antibody (Millipore: MAB318), and observed the same pattern of labeling, with negligible background labeling in the GCL (Figure 4g -l).
Another possibility is that the MEL antibodies are binding TH. To test this, we repeated these experiments in another species, the Nile rat (Langel, Smale, Esquiva, & Hannibal, 2015) . Like tree shrews, Nile rats are diurnal, and they have cone-enriched retinas (35% of photoreceptors are cones (Gaillard et al., 2008; Gaillard, Kuny, & Sauv e, 2009) ). In
Nile rats, TH1 and MEL1 cells formed two distinct and non- overlapping cell populations, similar to other mammals ( Figure 5 ). This result argues against the melanopsin antibody used here binding TH. It also suggests that the apparent co-expression of TH and MEL in a single cell population may be unique to tree shrews; it is not a general feature of animals with cone-enriched retinas, though tree shrews have a much higher proportion of cones than Nile rats. We also performed these experiments in C57bl/6J mice. We observed two nonoverlapping populations of TH1 or MEL1 cells (data not shown), consistent with previous studies (Dumitrescu et al., 2009 ). Thus, we view it unlikely that these results are caused by a lack of specificity in the antibodies.
| Are tyrosine hydroxylase positive cells RGCs or amacrine cells?
The observation of putative coexpression of TH and MEL in a cell class raises the question of whether these cells are amacrine cells or RGCs.
To distinguish these possibilities, we performed a series of immunolabeling experiments. In the first set of experiments, we tested for colabeling of TH with several amacrine cell markers. DACs in rodents are also GABAergic, and antibodies to GABA or proteins involved in its production (e.g., GAD67) immunolabel these cells (Kosaka et al., 1987; Wässle & Chun, 1988; Wulle & Wagner, 1990; Contini & Raviola, 2003) . Furthermore, these antibodies do not label RGCs. Thus, we tested for co-labeling of antibodies to GABA and GAD67 with TH. Neither of these amacrine cell markers exhibited co-labeling with TH (Figure 6a-h) , despite labeling at least some amacrine cells (Figure 6g , h).
We next tested whether antibodies to activation protein AP-2a, which labels all amacrine cells in mice (Bisgrove & Godbout, 1999; Bassett et al., 2007) , co-labeled TH positive cells in tree shrew. We first tested whether AP-2a robustly labels amacrine cells in tree shrew by comparing the pattern of labeling between AP-2a and RBPMS, a specific and ubiquitous marker of RGCs (Rodriguez et al., 2014) . We found these two markers labeled non-overlapping populations of cells in the GCL (Figure 6i, j) . These experiments support the conclusion that AP2a labels amacrine cells specifically and ubiquitously in tree shrew, as it does in mouse. However, AP-2a and TH immunoreactivity were never localized to the same cells in the INL (Figure 6k, p) . These experiments suggest that TH1 cells in tree shrew are not amacrine cells.
After testing amacrine specific markers, we turned to specific markers for RGCs to test whether they co-labeled TH1 and MEL1 cells. We again used RBPMS as a specific and ubiquitous marker for RGCs (Rodriguez et al., 2014) . MEL1 cells in the GCL were RBPMS1
(data not shown). TH1 positive cells in the INL also immunolabeled for RBPMS ( Figure 6p ). In summary, the pattern of labeling produced by antibodies that distinguish amacrine cells from RGCs support the possibility that TH1/MEL1 cells are RGCs.
Immunolabeling with RBPMS also allowed us to approximate the fraction of RGCs that were intrinsically photosensitive. In a patch of peripheral tree shrew 0.2 mm 2 , 1225 RBPMS positive and AP-2a negative somata were identified along with 9 MEL1 somata, all in the GCL.
This indicates that at least 0.7% of all RGCs are ipRGCs, or at least 2.1% if TH1/MEL1 cells are considered RGCs and included in this count. These numbers are lower bounds as we may not be identifying all M2-like cells (see Discussion).
| Melanopsin positive cells form at least two independent mosaics
The immunolabeling and morphological analyses described above suggest three ipRGC types in tree shrew: bistratified ipRGCs (23% of which are displaced), M2-like ipRGCs, and TH1/MEL1 cells. To further explore this hypothesis, we examined how these cells were distributed and organized across space. M2-like cells were too few to support this analysis (see Discussion), so only TH1/MEL1 and bistratified cell populations were examined.
A hallmark of retinal cell types is regularly spaced somata with dendritic fields that approximately tile space (Wassle & Riemann, 1978; Dacey, 1993; Gauthier et al., 2009; Field & Chichilnisky, 2007) . To test for regular spacing among somata, we generated density recovery profiles (DRPs; Figure 7a -d), which are radial spatial autocorrelation functions (Rodieck, 1991) . Regularly spaced cells exhibit a spatial refractory period between neighbors. The DRPs for both TH1/MEL1 and bistratified cells indicated a dearth of neighbors at short distances (Figure 7b,   d ). An effective exclusion radius was calculated from each DRP (Rodieck, 1991) . TH1/MEL1 and bistratified cells had exclusion radii of 116 and 148 mm, respectively. These DRPs and exclusion radii were calculated from somata locations in the nasal-ventral quadrant of the retina, where cell density was relatively low and density gradients were relatively flat (see below). Thus, these exclusion radii will be smaller in areas of retina with higher densities of MEL1 cells. Nevertheless, this analysis indicates homotypic repulsion between neighboring cells, thus supporting the conclusion that these populations form irreducible cell types.
The second hallmark of retinal cell types is a tendency toward spatial coordination among dendritic fields to tile space Wassle, 2004; Reese & Keeley, 2015) . To test for this coordination, convex hulls were generated from the dendritic fields of TH1/
MEL1 and bistratified cells (Figure 7e, f). The dendrites of TH1/MEL1
cells approximately tiled space, particularly avoiding gaps (Figure 7e ).
To test whether the shapes of the dendritic fields were coordinated, each convex hull was rotated 1808, which revealed 6.62-fold increase in the area that went unsampled between neighboring cells (compare black area between Figure 7g and h). These analyses support the conclusion that the population of TH1/MEL1 cells exhibits coordination among dendritic fields to approximately tile space.
We performed the same analysis of dendritic field coordination for bistratified cells (Figure 7f ). Interestingly, dendritic field sampling among cells with somata in the GCL were largely filled by cells with somata in the INL (Figure 7f , thinly vs. thickly outlined polygons). Rotating the convex hulls that outlined the dendritic fields by 1808 also resulted in a 2.18-fold increase in gaps between neighboring bistratified ipRGC dendritic fields (Figure 7i, j) . These analyses support the conclusion that the population of bistratified ipRGCs exhibits coordination among dendritic fields to approximately tile space. 
| D I SCUSSION
Studies of mammalian retinae reveal a canonical organization that is tuned by evolution to meet the demands of different niches. For example, the primate retina exhibits specializations for high acuity, while the rodent retina commits a much higher fraction of cells to signaling motion. We have examined the organization and diversity of intrinsically photosensitive cells in the tree shrew to explore species-specific specializations of this key signaling pathway. We find evidence for three types of intrinsically photosensitive cells, one of which is likely to be dopaminergic. At least two of these cell types tile the retina with their dendritic fields. Furthermore, they exhibited distinct density gradients across eccentricity, suggesting different functions. We compare these results to those in primate and rodent retinae to identify the organizational features that are common across species and those that are distinct. We also comment on the apparent convergence of dopaminergic signaling and intrinsic photosensitivity in tree shrew retinatwo retinal signaling networks that are cellularly distinct in other mammals studied thus far. Finally, we comment on the benefits of tree shrews for vision research.
| Comparison of melanopsin expression patterns across species
In mice and rats, five different ipRGC types have been identified through a confluence of morphological, genetic, and functional studies (Hattar et al., 2002; Ecker et al., 2010; Hu, Hill, & Wong, 2013; Zhao et al., 2014; Reifler et al., 2015) . They are frequently referred to as M1-M5. These cell types differ in their morphology, level of melanopsin expression, degree of intrinsic photosensitivity, projection patterns to the brain, and the behaviors they subserve (Sand et al., 2012) . M1 cells exhibit large and sparse dendritic fields that ramify in S1 of the IPL; they are robustly immunolabeled for melanopsin (Hattar et al., 2002; Dacey et al., 2005; Jusuf et al., 2007) . M2 cells exhibit smaller and more densely branching dendritic fields that stratify in S5 (Baver et al., 2008) . M3 cells are sparsely distributed across the retina and have bistratified dendrites in S1 and S5 (Berson et al., 2010; Schmidt & Kofuji, 2011) . M4 and M5 cells have lower levels of melanopsin expression-too low to be detected with direct immunolabeling approaches (Ecker et al., 2010; Sand et al., 2012) . Instead, these cells were identified by using a mouse line that expresses Cre under the OPN4 promoter (Ecker et al., 2010) : M4 cells are likely alpha-RGC, which project to the superior colliculus and dorsal lateral geniculate nucleus (Estevez et al., 2012; Schmidt et al., 2014) . M5 cells are significantly smaller with 'bushy' dendritic fields (Ecker et al., 2010) . This diversity illustrates that melanopsin-mediated signaling contributes to many of the parallel pathways that emanate from the rodent retina.
It is important to note that the diversity of ipRGCs in rodent remains to be fully resolved. Recent work suggests M1 cells may in fact be at least two cell types in mice. First, the organization of their dendrites exhibits a relatively high coverage factor and does not exhibit the orderly and regular spatial tiling typically observed among most other RGC types (Berson et al., 2010) . Second, M1 cells can be subdivided based on their expression of Brn3b, which corresponds to differential roles for Brn3b negative cells in the pupillary light response and Brn3b positive cells in circadian entrainment (Chen, Badea, & Hattar, 2011; Jain, Ravindran, & Dhingra, 2012) . Finally, the status of M3 cells as a genuinely distinct type is questionable; they are few in number across the mouse retina and they may merely represent variability in the morphology of M1 cells. Electrophysiology experiments in the rat retina also indicated M3 cells are less frequently encountered than the other four types (Reifler et al., 2015) , further suggesting they may represent morphological variability among M1 cells.
An examination of nonhuman primate and human retinae produces a somewhat different picture. In primates, ipRGCs appear to be comprised of just two types, M1 and M2 cells (Dacey et al., 2005; Jusuf et al., 2007; Liao et al., 2016; Nasir-Ahmad et al., 2017; Hannibal et al., 2017) . M1 and M2 cells have dendrites limited to S1 and S5, respec- In tree shrew, we find an organization of melanopsin immunoreactive cells that has some similarities and differences with rodents and primates. Similar to these species, tree shrews exhibit at least two types of ipRGCs with dendrites stratifying in S1 and/or S5 of the IPL.
The least numerous cells we observed, those that were monostratified in S5 (Figure 3d ), resemble M2 cells from primates and rodents. These cells did not show evidence of regular spacing or formation of a mosaic because we observed very few in any retina. Two issues may contribute to potentially undersampling M2 cells. First, M2 cells in other species exhibit weaker labeling and lower protein expression than M1 cells, making them somewhat more difficult to detect using immunohistochemical methods (Hattar et al., 2006; Schmidt & Kofuji, 2009 ). Second, the melanopsin antibody we used (PA1-781) is directed against the C-terminus of the protein and has been reported in rodents to label M1 cell preferentially (Baver et al., 2008) . We tried an antibody directed against the N-terminus, which has been reported to label M2 cells (PA1-780), but we observed no labeling in tree shrew retina across a range of concentrations. Thus, future experiments are needed to resolve whether M2 cells in tree shrew tile the retinal like most RGC types (Field & Chichilnisky, 2007; Sanes & Masland, 2015) , or sparsely sample the visual scene.
We also observed a set of bistratified ipRGCs, with dendrites ramifying in S1 and S5 of the IPL; 23% of these cells exhibited somata in the INL, but their dendrites filled gaps in the dendritic coverage of cells with somata in the GCL, suggesting this is a single cell type. This is consistent with observations of displaced M1 cells in the primate retina filling gaps in dendritic coverage of M1 cells with somata in the GCL (Jusuf et al., 2007) . Thus, this population is most similar to M1/M3 cells in rodents and primates: They are unlike M1 because they are typically bistratified, but they are unlike M3 cells because their dendrites tile space and their somata are regularly spaced.
The most numerous cell type that immunolabeled for melanopsin exhibits cell bodies in the INL, dendrites in S1, and co-immunolabeled for TH. This pattern of immunolabeling is surprising because it suggests that either tree shrew have an intrinsically photosensitive amacrine cell or a dopaminergic ipRGC. Given studies in other mammals, the location of their somata and their immunoreactivity to TH suggests they are amacrine cells. Indeed, a previous study in tree shrews examined TH1 cells and presumed they were amacrine cells (M€ uller & Peichl, 1991b ).
The cells they described are similar to the TH1 cell described here in every respect, so they are likely the same cells. However, in other mammals, DACs are immunopositive for GABA and enzymes involved in its synthesis, such as GAD67 (Kosaka et al., 1987; Wässle & Chun, 1988; Wulle & Wagner, 1990; Contini & Raviola, 2003) . We did not find evidence for immunoreactivity for GABA, GAD67, or the panamacrine cell marker AP-2a ( Figure 6 ). The immunolabeling for melanopsin suggests these cells could be RGCs. We found these cells to colabel with RBPMS, an immunohistochemical marker for RGCs (Rodriguez et al., 2014) . RGCs have been identified as residing in the INL in other vertebrates, such as fish (Cook & Becker, 1991; Cook, Kondrashev, & Podugolnikova, 1996) . Typically, soma size is a feature that can assist in discriminating RGCs from amacrine cells: RGCs typically have larger somata. However, in many species DACs exhibit large somata that are 15 mm in diameter, similar to the somata size we observed for these cells (Nguyen-Legros et al., 1984; Mariani, Kolb, & Nelson, 1984) . Thus, our evidence is suggestive that TH1 cells may be RGCs, but is far from conclusive. A recent study provided evidence for an intrinsically photosensitive interneuron in the extreme periphery of the mouse retina (Valiente-Soriano et al., 2014) . Thus, a stronger test will be to identify axons that emerge from these cells and enter the optic nerve (Pang, Gao, & Wu, 2010; Valiente-Soriano et al., 2014) . Axonal labeling by melanopsin antibodies in this study was generally weak and insufficient to clearly trace axons. Thus, future work to retrogradely label melanopsin immunoreactive cells will be required to fully resolve the identity of TH1/MEL1 cells.
We found that bistratified ipRGCs and TH1/MEL1 cells exhibited distinct spatial distributions across the retina. In primates, M1 and M2 cell densities peak in the region surrounding the fovea-they are excluded from the fovea itself (Jusuf et al., 2007; Nasir-Ahmad et al., 2017) . Tests for eccentricity-dependent density gradients among ipRGCs in mice have produced mixed results: a preponderance of evidence suggests a higher density in the superior than inferior retina (Hughes et al., 2013; Valiente-Soriano et al., 2014) , and a higher density in temporal than nasal retina (Valiente-Soriano et al., 2014) . The gradients were significantly different between M1 and M2 cells compared to M4 and M5, which ran in the opposite direction (Hughes et al., 2013) . The distinct gradients of melanopsin immunolabeled cells that we observe in tree shrew supports the notion that they subserve distinct functions. In particular, bistratified ipRGCs may be participating in imaging forming or color vision because their density peaks at a location in each eye that corresponds to a binocular zone in front and slightly above the animal (Dacey et al., 2005; Johnson, Van Hooser, & Fitzpatrick, 2010) . TH1/MEL1 cells were more uniformly distributed.
A relatively uniform distribution may be beneficial for uniformly distributing dopamine, a paracrine neuromodulator, across the retina (Witkovsky, 2004) . Thus, ipRGCs drive DAC activity when stimulated by light, and DACs can modulate ipRGC gain in response to light, or in prediction of lightin the case of circadian-driven release of dopamine.
| Circadian and dopaminergic modulation
Our results indicate that the organization of dopaminergic and melanopsin-mediated signaling in the tree shrew is distinct from other species. In particular, we find evidence that a single class of neurons is both dopaminergic and intrinsically photosensitive. Why would these systems converge in a single cell type in tree shrews? One possible explanation stems from the fact that tree shrews have very few rod photoreceptors compared to primates and rodents. Thus, this lack of rods opens the possibility that melanopsin-based photoreceptors may be the most sensitive photoreceptors in tree shrew. Indeed, the isomerization of a single melanopsin molecule can produce a substantial and sustained response in an ipRGC (Do et al., 2009) . If dopamine release primes the retina for daylight conditions, it may be preferable to initiate dopamine release at luminances below the activation of cones. In this context, merging the dopaminergic system and melanopsin signaling into a single cell population has at least two advantages. First, at threshold, melanopsin-mediated signaling does not need to traverse a noisy synapse, making dopamine release less prone to synaptic noise from ipRGCs. Second, by expressing melanopsin, dopamine release could be driven by melanopsin-mediated depolarizations that are below spike threshold, making dopamine release more sensitive than if it required a presynaptic neuron to reach spike threshold. Thus, regardless of the identity of these cells (RGCs or amacrine cells), the convergence of melanopsin and dopamine signaling pathways in tree shrew may be a specialization to compensate for so few rod photoreceptors.
| Tree shrews as a model for visual processing
Tree shrews have been used as a model system for central visual processing, particularly for understanding primary visual cortex. They exhibit specializations to early visual processing that are reminiscent of primates, such as a 6-layered lateral geniculate nucleus (Conway & Schiller, 1983; Conley et al., 1984; Holdefer & Norton, 1995) , prominent color opponent neurons (Johnson et al., 2010) , and a functional architecture in primary visual cortex (e.g., orientation columns) that is highly organized (Fitzpatrick, 1996; Van Hooser et al., 2013; Lee et al., 2016) . However, relatively little is known about RGC diversity in the tree shrew, beyond ON and OFF and sustained versus transient cells (van Dongen, ter Laak, Thijssen, & Vendrik, 1976) . Recent work in the primate and rodent retinas suggest there are 30-40 distinct RGC types (Dacey, Peterson, Robinson, & Gamlin, 2003; Yamada, Bordt, & Marshak, 2005; V€ olgyi, Chheda, & Bloomfield, 2009; S€ umb€ ul et al., 2014; Baden et al., 2016; Sanes & Masland, 2015) . This presents a challenge to fully understanding the processing that occurs from retina to cortex in these animals. It is clear their retinas are cone dominated Petry et al., 1993) , and that they contain two types of horizontal cells (M€ uller & Peichl, 1993) , starburst amacrine cells (Sandmann, Engelmann, & Peichl, 1997) , rod bipolar cells (M€ uller & Peichl, 1991a) , and at least a few functionally and morphologically distinct RGC types (van Dongen et al., 1976) . We have added to the diversity of cell types in tree shrew with the addition of bistratified and M2-like ipRGCs. We have also added a third putative RGC type that is intrinsically photosensitive and potentially dopaminergic, though it remains possible this is an amacrine cell that is intrinsically photosensitive.
A complete accounting of RGC diversity in tree shrew has several potential benefits. One benefit is to understand evolutionary changes in retinal and visual system organization between rodents and primates.
For example, direction selective cells comprise 20% of all RGCs in rodents, and probably only 1-3% in primates (Baden et al., 2016; Dacey, 2004) . One potential reason for this difference is that primates devote a huge fraction (55%) of their RGCs to ON and OFF midget cells to support high acuity vision (Dacey, 2004; Field & Chichilnisky, 2007) . Determining whether tree shrews, which have 3-5-fold higher acuity than mice (Petry, Fox, & Casagrande, 1984; Prusky, West, & Douglas, 2000) , exhibit a decrease in the proportion of direction selec- (Hubel & Wiesel, 1962; Ohki, Chung, Ch'ng, Kara, & Reid, 2005; Bonin, Histed, Yurgenson, & Reid, 2011; Ringach et al., 2016; Scholl, Pattadkal, Rowe, & Priebe, 2017; . The organization of the tree shrew retina, in comparison to that of mice and primates, may provide clues to the utility of orientation maps across species (Paik & Ringach, 2011; Hore, Troy, & Eglen, 2012) . Furthermore, the genome of tree shrews has been sequenced recently (Fan et al., 2013) , raising the possibility that a genomic comparison with mice and macaques may help to elucidate factors that control the relative production of distinct retinal cell types, and how these cells wire to various brain areas across different mammals.
Finally, tree shrews have been a highly productive model for studying myopia (Sherman, Norton, & Casagrande, 1977; Norton, 1990; Gawne, Siegwart, Ward, & Norton, 2017) . Axial length of their eye changes in response to a variety of stimuli including stimulus blur and visual deprivation. A confluence of epidemiological and animal model studies implicates ambient light levels as a major contributor to the rise in myopia (Stone, Pardue, Iuvone, & Khurana, 2013; Norton & Siegwart, 2013) . Specifically, indoor (photopic) lighting is typically 100-10,000-fold dimmer than outdoor (photopic) light, and children that spend more time outside have lower rates of myopia. Furthermore, increasing ambient lighting slows the effects of myopiagenic stimuli in animal models from chickens to tree shrews to nonhuman primates. It is also clear that dopamine signaling within the retina alters the progression rate of axial length changes and sensitivity to myopiagenic conditions. A key signaling pathway that can link high-lux environments to sustained dopamine release is the ipRGC system (Zhang et al., 2008; Prigge et al., 2016) . Thus, understanding how dopaminergic and melanopsin signaling pathways interact in tree shrews may shed new insights into emmetropia and myopia.
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